The aim of this study is to determine whether sex-related differences exist in the biosynthetic activity of the mitral cells within the mitral layer of the AOB. Possible functional changes over the estrus cycle and the potential effects of castration and androgenization are assessed. Biosynthetic activity was measured using silver staining of the argyrophilic proteins associated with the nucleolar organizer regions (Ag-NOR). Assisted by stereological methods, the following parameters were studied: mean number, percentage and mean area of Ag-NOR in estrus and diestrus females, intact males, castrated and androgenizated rats. We detected sex differences in a histochemical marker related to synthetic activity, an estrus cycle effect and changes resulting from the perinatal treatments. We conclude that this structurally dimorphic region is also functionally dimorphic.
INTRODUCTION
The vomeronasal system (VNS) is a complex, sexually dimorphic network involved in conspeci®c recognition and in the reproductive processes of most terrestrial vertebrates [1, 2] . One of the nuclei included in this system is the accessory olfactory bulb (AOB) which is an oval structure located on the dorsoposterior surface of the main olfactory bulb. Sex differences have been found in the AOB volume, the volume of several AOB layers and in the number of mitral and granule cells. This nucleus seems to be related to inhibition of feminine sexual behavior in the male rat [2] .
In a neurochemical context, recent studies have described an association between glutamate and GABA with the stimulation and inhibition observed in neurons of the medial amygdala and ventromedial hypothalamus after electrical stimulation of the AOB [3] . Moreover, there is evidence of the presence of GABA ®bers and neurons in the AOB [4] , which could suggest an association between the inhibitory function of this nucleus and GABAergic activity. Other authors have shown that the vomeronasal system is capable of activating the mesolimbic dopaminergic system [5] .
The sexually dimorphic pattern which the AOB presents is due to the action of sex steroids. In cerebral regions with estrogen and androgen receptors such as the AOB [6] steroids can modify neuronal biosynthetic activity and numerous structural parameters. On the other hand, functional aspects, such as the biosynthetic activity related to different neurotransmitters in different cerebral regions, can also be modi®ed [7] .
In this study we attempted to determine whether changes in synthetic activity occur in the population of mitral cells within the mitral layer of the AOB due to the action of sex steroids. Detection of changes in the synthetic activity of these neurons would show, for the ®rst time that, in addition to it being a structurally dimorphic structure, the AOB would also be functionally dimorphic. To assess functional differences in the AOB we used argentic impregnation of the nucleolus. The con®guration and size of the nucleolus can be correlated with the rate of protein synthesis [8] , which can be modi®ed by the action of steroid hormones [9] . This method permitted us to study the nucleolar organizer regions (NORs). The NORs are the genomic DNA segments encoding for rRNA and the silverstained structures with the argyrophilic impregnation are called Ag-NORs [10] .
MATERIALS AND METHODS
Animals: Thirty-seven 3-month-old Wistar rats (weighing 250 AE 50 g) from the University of Oviedo vivarium were kept in individual cages and were maintained on a 12:12 h light:dark cycle (08:00±20:00) at a constant temperature (21 AE 18C) with free access to food and water. Care of the animals was in strict accordance with current guidelines on the care and use of experimental animals established by the American Psychological Association on the 2nd of August, 1985.
The animals were divided into ®ve groups. Three groups of intact rats: one group of female rats in diestrus (DF; n 7), another group of female rats in estrus (EF; n 8) and another group of intact males (IM; n 8). A group of male rats underwent castration (CM; n 7) and a group of females was given androgenization treatment (AF; n 7).
Daily vaginal epithelium samples were taken from each intact female following the Feder method in order to determine the stage of estrous cycle [11] . The rats were classi®ed according to whether they were in estrus or diestrus and were sacri®ced immediately afterwards.
Treatments: Castration and androgenization treatments were carried out on postnatal day 1 and the animals were sacri®ced after 90 days. Androgenization of the females consisted of a single injection of testosterone propionate (TP; 1.5 mg, s.c.; Sigma, St. Louis, MO), dissolved in 0.2 ml sesame oil.
The animals were anesthetized with diethyl ether (Probus, Spain) prior to vascular perfusion with 10% formaldehyde in phosphate buffer (0.1 M, pH 7.4). They were then decapitated and their brains were quickly removed and placed in the same ®xative used for perfusion. Afterwards, the bulb was dissected and immersed in paraf®n wax.
Preparation of the tissue: The 10 ìm sagittal sections which contained the accessory olfactory bulb (AOB; Fig.  1a ) according to the atlas of Paxinos and Watson [12] were stained with gallocyanine. Afterwards, a silver stain was applied which, brie¯y, consisted of immersing the slides in a solution of 0.5 ml of 2% gelatine (pH 3.0; Panreac, Spain) in 1% aqueous formic acid and 0.5 g silver nitrate (Merck, Germany), for a total 1.5 ml with distilled water for $20 min at room temperature and in darkness (Fig. 1b,c) . This procedure was repeated until 20 sections were stained. Then, the sections were immersed in a thiosulphate solution at 5% for $2 min to avoid the formation of silver precipitates and to increase conservation of the dye. With this method, the argyrophilic proteins associated with nucleolar organizer regions (Ag-NOR) are stained [13] .
Quanti®cation: Quanti®cation was performed using a computerized image analysis system (Leica, Germany) using the LeicaQwin programme. The following variables were recorded: mean number of Ag-NOR per neuron, percentage of Ag-NOR and mean area of Ag-NOR. The Ag-NOR parameters were estimated using stereological methods combining systematic sampling of the mitral layer of the AOB with the optical dissector (optical fractionator) [14] . Quanti®cations were made in ®ve equidistant sections selected from the total of serial sections which contained the relevant region. In order for the sampling to be systematic both the series and the orientation of the sections to be quanti®ed were randomized [14, 15] . Only the particles inside the frames were counted. These frames were systematically arranged on a template previously designed for this purpose. Initially, this template was placed outside the cerebral region of the section and was then slid across, in a previously determined direction, until it was situated above the nucleus of interest. Particles outside the frames or touching the forbidden line were not quanti®ed. Using this technique we avoided selection bias of the researcher and the numerical overestimation of a random sampling system in which the same ®eld could be counted more than once [14] .
Statistical analysis: An ANOVA (one-way) was used for the inter-group comparisons and Tukey's HSD test to statistically analyze the post-hoc differences in cases which satis®ed the parametric assumptions. We applied one-way ANOVA to analyze the differences between groups in the mean area of Ag-NOR and the Games±Howell test was used as a post-hoc test since the assumption of homoscedasticity was not met. Intergroup comparisons of the Ag-NOR percentages were carried out using the ÷ 2 test.
RESULTS
Area of Ag-NOR (see Fig. 2 ): The one-way ANOVA revealed signi®cant inter-group differences in this parameter (F(4,32) 6.114, p 0.001). The Games±Howell posthoc test showed that the DF group had a signi®cantly greater mean value of the area of Ag-NOR than both the CM group ( p , 0.05) and the EF group ( p , 0.05). There were no differences between the EF and CM compared to groups AF and IM. These results re¯ect an effect of the estrous cycle and a lack of effect of both castration and androgenization on this parameter. Mean number of Ag-NOR per mitral cell (see Fig.  3 ): One-way ANOVA demonstrated signi®cant differences in this parameter between the groups (F(4,32) 17.455, p 0.001). Tukey's HSD test was used for the post-hoc comparisons and revealed a signi®cant difference between groups DF and IM compared to the remaining groups but no signi®cant difference between the two groups. Both these groups had a signi®cantly greater mean value than groups EF ( p , 0.05), AF ( p , 0.05) and CM ( p , 0.05). The latter three groups all had a lower mean number of Ag-NOR per neuron and there was no signi®-cant difference between the three values. These results re¯ect an effect of the estrous cycle and, on the other hand, inhibition of the NOR activity induced by androgenization of the females and castration of the males compared to the control groups.
Proportion of neurons (see Fig. 4 The EF group had a signi®cantly higher percentage of neurons with one Ag-NOR per neuron than the DF ( p , 0.005) and IM groups ( p , 0.005). In turn, the CM group had a signi®cantly greater percentage than the IM group ( p , 0.005). Two Ag-NOR per neuron was recorded in a signi®cantly higher percentage in the IM group than the EF group ( p , 0.005). There were no signi®cant differences among the remaining groups. The presence of three Ag-NOR per neuron was seen signi®cantly more often in groups DF and IM than CM ( p , 0.005), but there was no signi®cant difference between these groups. There was no signi®cant difference either between the two remaining groups. There was no signi®cant difference among the groups in the percentages of neurons with four Ag-NOR and this was very low, , 5% in all cases.
Stereological parameters: For the parameters analyzed that correspond to numbers of particles (number of nuclei or number of Ag-NOR) the coef®cients of error (CE) were group. There are differences between the percentage of neurons with one Ag-NOR between the EF group and the DF and IM groups and, in turn, group IM is signi®cantly different to group CM. In the percentage of neurons with two Ag-NORs there are signi®cant differences between the EF group and the IM group. In the percentage of neurons with three AgNORs there are differences between groups EF and IM in comparison to group CM. There are no differences between the groups in the percentage of neurons with four Ag-NORs. Ã p , 0.005. calculated according to the formula described by West [15] . The results obtained indicate that the stereological estimations were made with a CE between 10 and 15%. This implies that a suf®cient number of nuclei are used for the estimations of the remaining parameters to have reasonably low error levels. Similarly, the coef®cients of error involved in the estimation of Ag-NOR number (between 10 and 15%) and, indirectly, the error corresponding to the areas of the Ag-NOR were also reasonably low.
DISCUSSION
In the present study we have demonstrated the existence of changes in nucleolar organiser regions indicative of changes in synthetic activity of the mitral cells within the mitral layer of the AOB in response to gonadal steroids. These changes appear to be caused by¯uctuating levels of steroid hormones during the estrous cycle since differences in Ag-NOR parameters were observed between the estrous cycle stages of estrus and diestrus. Differences were also found between intact males and females suggesting that this structurally dimorphic region is also functionally dimorphic. On the other hand, castration and androgenization were shown to have a clear effect after hormonal manipulation of males and females on postnatal day 1. Both treatments appeared to modulate the number/size of NOR of the mitral cell population. In fact, castration induced a reduction in NOR activity in comparison with intact males and diestrus females. The androgenization appeared to reduce the NOR activity of females to levels lower than those recorded in the group of diestrus females.
Of all the parameters studied, those associated with Ag-NOR number (mean number of Ag-NOR per neuron and proportion of neurons) most clearly re¯ected functional dimorphism (see Fig. 3 and Fig. 4 ). This dimorphism is observed when NOR values of the male group (IM) are compared with those of the estrus females (EF). The IM group had a higher mean number and a greater percentage of neurons with two and three Ag-NOR than did the EF group. This difference was not observed with the area of Ag-NOR since the IM group had similar values of this parameter to the EF group (Fig. 2) . Taken together, these results show that the DF group had a higher mean number of NOR, similar to the IM group and greater than the EF group, with an area of Ag-NOR larger than that recorded for the IM and EF groups.
On the other hand, both the number of Ag-NOR per neuron and the mean area of Ag-NOR per neuron were sensitive to differences between females at different stages of the estrus cycle. The EF rats presented a signi®cantly smaller number and mean area of Ag-NOR than the DF group. These differences re¯ect the existence of a cyclic NOR activity possibly in response to¯uctuating levels of sex steroids over the estrous cycle which have been previously described by other authors [16] . Finally, although we observed changes in the Ag-NOR, no changes were found in mean nuclear area (data not shown).
The changes in number/size of NOR we recorded could be interpreted as a result of changes in the biogenesis of rRNA which lead to transcription of preribosomal proteins [8] . Therefore, we consider that our results demonstrate the existence of sex-related differences in the biosynthetic activity of mitral neurons of the AOB over the estrous cycle. These cyclical¯uctuations could be due to the sex hormones modifying the rate of protein synthesis of the mitral neurons. Previous works have shown that the action of steroid hormones in many tissues requires an increased rate of protein synthesis and is, therefore, associated with increased synthesis of rRNA [17] . These cyclic changes in the functional activity of the AOB could be related with the function of controlling the expression of sexual behavior that is affected by the sex steroids.
In summary, functionally DF and IM rats behave similarly whereas EF rats present a diminished Ag-NOR activity which could be associated with the hormonal activity that takes place in this phase of the estrous cycle. This has been previously observed in a functionally dimorphic nucleus, the tuberomammillary nucleus (hypothalamus), by Gonza Âlez-Gonza Âlez et al. [9, 18] . On the other hand, these differences are not observed in nuclei that are not functionally dimorphic such as the medial mammillary nucleus or the lateral mammillary nucleus (hypothalamus) [19] .
Finally, we observed changes in the Ag-NOR parameters in response to the perinatal treatments of androgenization and castration. The number of Ag-NOR per neuron and percentage of Ag-NOR were both signi®cantly reduced in the treatment groups. The androgenized females presented a signi®cantly lower NOR activity than females in diestrus, and the castrated males presented a signi®cantly lower NOR activity than the intact males and diestrus females.
As we have previously explained, these changes in the number/size of NOR are closely related to rRNA metabolism. For this reason, we believe that these treatments reduce the synthetic activity of the mitral neurons of the AOB.
Previous studies have shown how these same treatments produced important structural changes bringing about inversion of the dimorphic pattern initially presented by both sexes [2] . These authors showed that the injection of genetic females with testosterone propionate (TP) on postnatal day 1 had both masculinizing and defeminizing effects on a morphostructural and behavioral level. Postpuberally, the neonate females treated with 1.25 mg TP showed a continuous state of anovulation and vaginal estrus [20] , with an absence of gonadotropic cyclicity (defeminization) [21] . Similarly, castrated males suffered a drop in testosterone levels related with demasculinization of their sexual behavior. Treatment with estradiol and progesterone resulted in the manifestation of a clearly female reproductive behavior by these animals [2] .
In our study, the number/size of NOR in both treatment groups was lower than in the controls and there were no differences between these groups. Castration of males brought about a drop in number/size of NOR to values similar to those recorded for estrus females at this functional level. We presume that the reduction in nucleolar activity observed in this group (IM) was triggered by the drop in testosterone that results from removal of the testicles which are functional and secreting androgens during the neonatal period [22] . This demonstrates that the presence of testosterone in the perinatal period is not only important for the dimorphic structural organization of the AOB but also on a functional or activational level.
Response of the females to androgenization was not as straightforward. Although number/size of NOR was modi®ed in these androgenized females it did not reach values as low as those recorded in the estrus females, and it did not reach the same values as in the diestrus females or intact males. In our opinion, this different response of treated males and females is due to a difference in the nature of these treatments. Therefore, treatment with a single injection of TP does not seem to be suf®cient to invert the functional values recorded in intact animals. Although this treatment has been shown to be effective at inverting the patterns of structural dimorphic organization [2] , it does not have a similar effect on a functional level. This suggests that administration of testosterone to females is suf®cient to modify the structural development of this structure but would not be the determining factor in modifying the functional levels of adult females. We could propose that in females the activational control of the mitral neurons of the AOB is regulated by testosterone and other hormones which could persist acting after the androgenization treatment.
In general, we found that the sex hormones in addition to having an activational effect in normal developmental conditions can also in¯uence development of the neuronal architecture of the AOB and sexual differences in their function.
Conclusion:
We demonstrate for the ®rst time that the accessory olfactory bulb, in addition to being a sexually dimorphic region on a structural level, is also sexually dimorphic in terms of the nucleolar organizer regions. These aspects can be modi®ed by the gonadal hormones in an early postnatal period bringing about morphofunctional changes or in the adult life producing a change in biosynthetic activity in response to, or correlated with, uctuating hormonal levels over the estrus cycle. Moreover, we demonstrate the effect of changes in perinatal hormones on the nucleolar organizer regions of mitral neurons which shows the importance, on a functional level, of this hormonal balance in the early developmental stages.
